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Abstract. Low altitude ﬁeld-aligned current densities ob-
tainedfromglobalmagnetosphericsimulationsarecompared
with two-dimensional distributions of Birkeland currents at
the topside ionosphere derived from magnetic ﬁeld observa-
tions by the constellation of Iridium satellites. We present the
analysis of two magnetic cloud events, 17–19 August 2003
and 19–21 March 2001, where the interplanetary magnetic
ﬁeld (IMF) rotates slowly (∼10◦/h) to avoid time-aliasing in
the magnetic perturbations used to calculate the Birkeland
currents. In the August 2003 event the IMF rotates from
southward to northward while maintaining a negative IMF
By during much of the interval. During the March 2001
event the IMF direction varies from dawnward to southward
to duskward. We ﬁnd that the distributions of the Birkeland
current densities in the simulations agree qualitatively with
the observations for northward IMF. For southward IMF,
the dayside Region-1 currents are reproduced in the simu-
lation, but appear on average 5◦ further poleward of their ob-
served location, while the nightside Region-1 currents and
the Region-2 currents are largely under-represented. Com-
parison of the observed and simulated Birkeland current dis-
tributions, which are intimately related to the plasma drifts
at the ionosphere, shows that the ionospheric convection pat-
tern in the MHD model and its dependence on the IMF ori-
entation is essentially correct. The Birkeland total currents in
the simulations are about a factor of 2 larger than observed
during southward IMF. For Bz>0 the disparity in the total
current is reduced and the simulations for purely northward
IMF agree with the observations to within 10%. The dispar-
ities in the magnitudes of the Birkeland currents between the
observations and the simulation results are a combined effect
ofthesimulationoverestimatingtheionosphericelectricﬁeld
and of the Iridium ﬁts underestimating the magnetic pertur-
bations. The marginal difference in the latitude resolution of
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the ionospheric grids in the simulations and the observations
is shown to have only secondary effect on the magnitudes of
the Birkeland currents. The electric potentials in the simu-
lation for southward IMF periods are twice as large as those
obtained from measurements of the plasma drift velocities by
DMSP, implying that the reconnection rates in the simulation
are too large.
Keywords. Ionosphere (Electric ﬁelds and currents;
Ionosphere-magnetosphere interactions; Modeling and
forecasting)
1 Introduction
Global magnetohydrodynamic (MHD) models are the most
comprehensive numerical tool for studying the coupling of
energy and momentum of the solar wind into the Earth’s
magnetosphere and ionosphere. A particular advantage of
global MHD simulations is the ability to provide continu-
ous temporal and spatial coverage of key physical parame-
ters over the entire simulation volume. For this reason, MHD
simulations have become one of the principal tools for study-
ingspaceweathereventssuchastheinteractionoftheEarth’s
magnetosphere with coronal mass ejections (CMEs) (Ridley
et al., 2002) as well as magnetic storms (Slinker et al., 1998;
Goodrich et al., 1998) and substorms (Lyon et al., 1998;
Lopez et al., 1998; Wiltberger et al., 2000). Since the simula-
tionresultsarefrequentlyusedtointerpretphysicalprocesses
in the magnetosphere–ionosphere system, assessing their ac-
curacy by comparison with observations is an important task.
Anumberofsuchstudieshavebeencarriedoutinthepastus-
ing space-based (Frank et al., 1995; Raeder et al., 1997) and
ground-based observations (Ridley et al., 2001), or a com-
bination thereof (Fedder et al., 1998; Slinker et al., 1999).
However, interpreting the discrepancies between model and
observations is not straightforward because the observational
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data are often sparse compared to the size of the simula-
tion volume and the number of physical quantities evaluated
therein.
Recently, Korth et al. (2004), hereinafter P1, compared
two-dimensional distributions of Birkeland currents derived
from magnetic ﬁeld observations by the constellation of Irid-
ium satellites with simulation results of the Lyon-Fedder-
Mobarry (LFM) MHD model (Fedder and Lyon, 1995; Fed-
der et al., 1995a; Mobarry et al., 1996) for two intervals
where the orientation of the interplanetary magnetic ﬁeld
(IMF) was southward and stable for prolonged periods of
time but for which the sign of the IMF By was opposite.
The IMF during these intervals was stable in direction to
within ±25◦ of the average direction for at least ten hours.
The simulations were driven by solar wind (McComas et al.,
1998) and IMF (Smith et al., 1998) data from the Advanced
Composition Explorer (ACE), located at the ﬁrst Lagrangian
point, L1, starting at least twelve hours prior to the begin-
ning of the respective event period. A detailed comparison of
the distributions and magnitudes of the ﬁeld-aligned currents
of the simulation with Iridium observations of the North-
ern Hemisphere Birkeland currents was then carried out for
the last three hours of each event using two different resolu-
tions of the simulation grid, 3◦ and 6◦ at the ionosphere, and
two different planetocentric distances for the simulation in-
ner boundary, 2RE and 3RE. The grid resolution was found
to be a key factor determining both distributions of the Birke-
land currents and their magnitudes. The higher resolution
reproduced the location of dayside Region-1 current system
within the resolution of the simulation. On the nightside, the
simulated Region 1 showed large disparities with respect to
the observations caused by spurious gradients in the distribu-
tion of the Hall conductance in the LFM. The magnitudes of
the simulated currents were about twice as large as observed.
The difference was attributed in part to the coarse sampling
of the magnetic perturbations in latitude (along the tracks)
by the Iridium constellation, which limits the data point den-
sity and thus the latitude scales that can be resolved by the
spherical harmonic analysis. Because the magnetospheric
drift physics is not included in the MHD model, the Region-2
current system was largely under-represented in the simula-
tions, implying that the path of current closure in the sim-
ulations departs from that in the natural system. The study
presented in P1 provided evidence for an increased ﬂow of
electric current across the polar cap and current closure via
the simulation inner boundary.
The Iridium constellation of low-altitude satellites offers
an opportunity to estimate the low-altitude Birkeland cur-
rents without relying on estimates of auroral conductivities.
The Iridium satellites provide measurements of the magnetic
perturbation signatures due to auroral zone Birkeland cur-
rents, allowing distributions of the ﬁeld-aligned current den-
sity to be determined globally. The Iridium network consists
of more than 70 satellites distributed over six orbit planes
in 780-km altitude circular polar orbits. The satellites are
equipped with 30-nT resolution engineering magnetometers,
the data of which are routinely used to derive global maps
of Birkeland currents (Anderson et al., 2000, 2002; Waters
et al., 2001). The sampling period of the Iridium engineering
magnetometer data is on average about 200s on an individ-
ualsatellite. Usingonehourofdata, theglobaldistributionof
the large-scale Birkeland currents can be derived with a res-
olution in latitude of about 4◦ and a local-time resolution de-
termined by the 30◦ longitude spacing between orbit planes
(Anderson et al., 2000; Waters et al., 2004; P1). These two-
dimensional observations map to a large fraction of the simu-
lation volume and allow for assessments of MHD simulation
results of the current density mapped to low altitudes that are
more direct than those obtained from comparison with auro-
ral emissions (see P1).
Both observed and simulated Birkeland current distribu-
tions in P1 show distinct differences with respect to the sign
of IMF By. For positive IMF By, a downward current is
found at lower latitudes near local noon with a poleward up-
ward current. The sense in direction of these currents is op-
posite for negative IMF By. The distribution of ﬁeld-aligned
currents is closely related to the convection of plasma in the
ionosphere (Reiff and Burch, 1985), and the Iridium Birke-
land current observations may be used to validate the iono-
spheric convection pattern and its dependence on the IMF
orientation. In this paper we expand on our previous work
and perform detailed comparisons of the observed Birkeland
current distributions with simulation results for geomagnet-
ically disturbed conditions. Comparing intervals spanning
a wide range of IMF orientation we evaluate (1) whether the
MHD model correctly reﬂects the basic topology of the iono-
spheric convection; (2) whether the storm-time expansion of
the auroral oval is adequately captured in the MHD model;
(3) whether the convection in the MHD model is still too
strong and, if so, whether the overestimate of the convection
depends on the IMF orientation; and (4) whether the condi-
tions at the ionosphere are still affecting the simulation re-
sults. We present Birkeland current observations and simu-
lation results for two magnetic clouds, 17–19 August 2003
and 19–21 March 2001, which are both moderate magnetic
storms with minimum Dst of −168nT and −149nT, respec-
tively. The computation of the Birkeland currents from Irid-
ium magnetic ﬁeld observations and the MHD model are de-
scribed in Sect. 2. The solar wind observations and the com-
parison of the observed Birkeland currents with the MHD
simulation results are presented in Sect. 3. The results and
implications are discussed in Sect. 4, and the ﬁndings are
summarized in Sect. 5.
2 Data analysis and event simulation
We reduce the Iridium magnetometer data as described by
Anderson et al. (2000) and derive the low-altitude Birke-
land currents using the spherical harmonic ﬁtting technique
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developed by Waters et al. (2001). The Birkeland currents
are thereby approximated as radial currents, given in a spher-
ical coordinate system with the intersection of the satellite
orbit tracks at its origin as
jk ≈ jr =
1
µ0
1
r sinθ

∂
∂θ
(sinθ bφ) −
∂
∂φ
bθ

, (1)
where bθ and bφ represent the latitudinal and longitudinal
components of the magnetic deviation from the main-ﬁeld,
respectively, θ is the polar angle, and φ is the azimuth an-
gle. The ﬁt results are transformed to AACGM coordinates
(BakerandWing,1989)forcomparisonwiththesimulations.
The uncertainty of the ﬁeld-aligned current density is given
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where δbc is the standard deviation of the residual difference
between the observations and the spherical harmonic ﬁt, nb
is the average number of samples in a half wavelength of the
highest latitude order term in the ﬁt, θmax is the maximum
polar angle used for the ﬁt, δφ the the azimuth spacing be-
tween orbit tracks (π/6), and l is the latitude order of the ﬁt
(P1). To acquire a data point density along the satellite tracks
that is sufﬁcient to derive the Birkeland currents at a latitude
resolution of 4◦, data accumulation of at least one hour is
required.
To minimize time-aliasing due to dynamic variations dur-
ing the Iridium data accumulation period, the IMF forcing
of the magnetosphere needs to be consistent for the entire
sample duration. The most dominant driver determining the
distribution of the Birkeland currents is the IMF clock an-
gle α=arctan(By/Bz), i.e. the angle of the IMF vector in
the GSM y-z plane with respect to the northward (+z) di-
rection. The analysis of Birkeland currents is therefore lim-
ited to periods during which the IMF orientation varies only
slowly in time. For the two events presented here, 17–19
August 2003 and 19–21 March 2001, the clock angle varied
on average by ∼10◦ per hour. Visual inspection of the mag-
netic perturbation vectors showed that this IMF rotation rate
is sufﬁciently low to yield Birkeland current signatures at the
ionosphere that are coherent for periods up to three hours in
length. Therefore, we use data accumulation intervals of one
to three hours and survey the vector magnetic perturbations
for coherency in order to ensure that the Birkeland current
conﬁguration at the ionosphere does not experience signiﬁ-
cant changes during this period.
The simulation we use is the Lyon-Fedder-Mobarry MHD
simulation model for the coupled solar wind-magnetosphere-
ionosphere system (Lyon et al., 2004). The model solves
the ideal MHD equations inside a cylindrical volume, whose
axis of symmetry is aligned with the x-axis of the solar mag-
netic (SM) coordinate system. Its dimensions extend from
x=+30RE to x=−300RE in length with a radius of 60RE
inthey-z-planeofthesolarmagneticcoordinatesystem. The
inner simulation boundary is located at 2RE radial distance
from the Earth’s center. As addressed in P1, the simula-
tion inner boundary must be low enough to ensure that the
source regions of the Birkeland currents are contained within
the simulation volume. Since Birkeland currents often ex-
pand well equatorward of 60◦ MLAT, their sources are not
included in many typical MHD simulations which presently
place the simulation inner boundary at 3RE. The computa-
tional mesh features a distorted spherical coordinate system,
designedtomaximizetheresolutionatthemagnetopause, the
ionosphere, and the geomagnetic tail, with coarser resolution
far from the Earth in the solar wind and the magnetosheath.
The spacing of the numerical grid points in the simulation
has a signiﬁcant impact on the distribution of ﬁeld-aligned
currents and their magnitudes, and higher resolutions yield
better qualitative and quantitative comparisons with observa-
tions (see P1). The grid resolution of the simulation results
presented here corresponds to a latitude resolution of ∼3◦ in
the ionosphere at 70◦ MLAT, denoted “high resolution” in
P1.
The simulations are driven by solar wind and IMF data
starting at least twelve hours prior to the arrival of the mag-
netic cloud at Earth. We use ACE data (McComas et al.,
1998; Smith et al., 1998) for the 17–19 August 2003 interval
and WIND data (Ogilvie et al., 1995; Lepping et al., 1995)
for the 19–21 March 2001 period, during which the ACE
plasma data is not continuously available. The solar wind
conditions are imposed as outer boundary conditions on the
upstream and side boundaries, while an outﬂow conditions
exists at the downstream boundary. The inner boundary con-
ditions are determined from a two-dimensional ionospheric
simulation, solving the potential equation
∇⊥ · 6 · ∇⊥ φ = jk sinδ (3)
to obtain the electric potential, φ, from the ﬁeld-aligned
Birkeland currents, a model for the anisotropic conductance
tensor, 6, and the magnetic ﬁeld dip angle, δ. The conduc-
tance model includes contributions of both solar EUV illu-
mination and auroral particle precipitation. For a detailed
discussion of LFM conductance model please refer to the de-
scription by Fedder et al. (1995b), which is also summarized
in P1.
3 Event descriptions
3.1 17–19 August 2003
The solar wind conditions at the ACE location for the 17–
19 August 2003 magnetic cloud are shown in Fig. 1. From
top to bottom the panels show the IMF Bx, By and Bz com-
ponents in GSM coordinates; the IMF magnitude, Bt; the
IMF clock angle, α; the proton number density, np; the pro-
ton bulk speed, vp; and the proton dynamic pressure, pdyn.
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Fig. 1. Solar wind conditions for 17–19 August 2003 as observed by ACE. The interval of the study is marked by vertical dashed lines.
The arrival of the sheath of the CME at ACE on 17 Au-
gust 2003 at 13:45UT is associated with sudden increases
of the IMF magnitude from 7nT to 20nT and the solar wind
dynamic pressure from 2nPa to 8nPa, largely caused by a
threefold solar wind density enhancement. The hours follow-
ing the shock arrival are characterized by large ﬂuctuations
of the IMF and the solar wind plasma parameters. By 18 Au-
gust 2003, 06:00UT, the solar wind pressure reverts to 2nPa,
marking the beginning of the actual cloud passage, which is
characterized by a slow rotation of the IMF from southward
to northward with negative IMF By. The IMF By then turns
positive while the IMF Bz maintains northward orientation.
The magnetic cloud event ends at 16:30UT on 19 August
2003, when the IMF abruptly changes direction and becomes
variable again. We focus here on the interval of slow rota-
tion of the IMF demarcated by the two vertical dashed lines
in Fig. 1, where the rate of change of the IMF clock angle
is on average 10.8◦/h (median 8.2◦/h). The average mag-
nitudes and standard deviations of the IMF and solar wind
speed during this interval are 18±2nT and 460±40km/s,
Ann. Geophys., 26, 499–516, 2008 www.ann-geophys.net/26/499/2008/H. Korth et al.: Birkeland currents during two magnetic clouds 503
respectively. The time lag for the arrival of the solar wind
conditions at Earth, obtained from simple advection from the
ACE location to Earth, is 55min.
The Iridium Birkeland current distributions are shown to-
gether with the LFM simulation results in Fig. 2 for four dif-
ferent intervals within the event period. The observed Birke-
land current densities are shown in the left hand panel with
upward and downward currents shown in red and blue, re-
spectively. Regions where the current densities are lower in
magnitude than twice the standard deviation are shaded gray
in the ﬁgure. The right hand ﬁgure in each panel shows the
LFM simulation results, where the green and black solid con-
tours represent the two standard deviation conﬁdence level of
the observed upward and downward ﬁeld-aligned currents,
respectively. Note that the color bar for the simulation re-
sults spans a factor of two greater range than the observed
currents. The intervals shown in Fig. 2 have been selected to
demonstrate the dependence of the Birkeland current distri-
butions on the IMF orientation. Periods that resemble distri-
butions similar to ones shown in Fig. 2 have been omitted.
Figure 2a shows the distribution of Birkeland currents on
18 August 2003 from 08:00–10:00UT near the beginning of
the event period. The IMF clock angle averages −150◦ dur-
ing this time, and the observations clearly show the large-
scale Region-1 and Region-2 current systems, which are
commonly observed by Iridium during southward IMF and
documented statistically by Iijima and Potemra (1978). Fur-
thermore, the observed distribution of the Birkeland current
densities shows an asymmetry with respect to the noon–
midnight meridian, which is consistent with the description
by Erlandson et al. (1988) for negative IMF By. To com-
pare the total Region-1/2 currents in the simulation with
their observed magnitudes, we integrate the current densi-
ties above the 2σ conﬁdence level over the respective re-
gion. The observed Region-1 total currents is 3.8MA on the
dawnside and 3.3MA on the duskside, and the total Region-
2 currents are 3.5MA and 2.8MA at dawn and dusk, re-
spectively. The LFM simulation results clearly show the
dayside Region-1 current system, the distribution of which
compares generally well with the observations, although the
axis of symmetry in the simulation is closer to noon than
is observed. The disparity between the observed and simu-
lated ﬁeld-aligned currents on the nightside is due to spuri-
ous gradients in the ionospheric conductances generated by
theprecipitationmodelimplementedintheLFM,whichhave
been previously discussed in P1. In comparison with the ob-
servations, the Region-1 currents of the simulation exhibit
larger magnitudes, 7.4MA at dawn and 8.0MA at dusk. The
Region-2 Birkeland currents of the simulation in Fig. 2a are
0.6MA on the dawnside and 0.7MA at dusk, on average a
factor of ﬁve lower than the Iridium results. Additional ﬁeld-
aligned currents are evident in the simulations results on the
dayside near 50◦ MLAT, just poleward of the magnetic lati-
tudeatwhichthe2RE simulationinnerboundarymapstothe
ionosphere. These boundary currents have been previously
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Fig. 2. Comparison of Birkeland current distributions (left panels)
observed during the 17–19 August 2003 magnetic cloud with LFM
simulations results (right panels). Downward and upward currents
are represented by the colors blue and red, respectively.
www.ann-geophys.net/26/499/2008/ Ann. Geophys., 26, 499–516, 2008504 H. Korth et al.: Birkeland currents during two magnetic clouds
identiﬁed to compensate for the under-representation of Re-
gion 2 and provide a means for closure of the Region-1 cur-
rents in the simulation (P1). It should be noted that the IMF
clock angle during this interval is similar to the one of the
31 March 2000 event discussed in P1, and the comparison of
the observations and the simulation results for that event is
qualitatively similar to the characteristics described above.
To evaluate the relative location in latitude of the observed
and simulated Birkeland currents, we calculate the differen-
tial total current, i.e. the total current, I, per unit polar angle,
θ,
δI [MA/◦] =
dI
dθ
=
φ2 Z
φ1
jk ds, (4)
for a two-hour range in magnetic local time from φ1 to φ2
at dawn, 06:00–08:00MLT, and at dusk, 16:00–18:00MLT.
In Eq. (4), all current densities within the respective local
time range are integrated, independent of their magnitude
with respect to the 2σ uncertainty estimate. Figure 3 shows
the observed differential total current (solid line) on 18 Au-
gust 2003, 08:00–10:00UT, as a function of magnetic lati-
tude together with the simulation results (dotted line), where
positive values represent upward currents. On the dusk-
side, the observations show the maximum δI of Region 1
at 65◦ MLAT and a dawnside peak at 69◦ MLAT. In compar-
ison, the simulation places the peaks of Region 1 at 68◦ and
72◦ at dusk and dawn, respectively, poleward with respect to
the observations by 3◦ at both dawn and dusk. This is similar
to the poleward displacement by 5◦ found in P1.
After an extended interval of southward IMF, the IMF
turned northward at 03:00UT on 19 August 2003, and
Fig. 2b–d (left panels) shows the Birkeland current observa-
tions for the subsequent rotation of the IMF from dawnward
to duskward for By<0, By≈0, and By>0, respectively. The
mean IMF clock angles for these periods are −38◦, −8◦, and
+37◦, respectively. During northward IMF the broadly ex-
panded Region-1/2 current system seen in Fig. 2a no longer
exists. Instead, the Birkeland currents are organized at high
latitudes and their distributions are sensitive to the direction
of the IMF By. For By<0 (Fig. 2b), a downward ﬁeld-
alignedcurrentislocatedintheregionnearthemagneticpole
with an equatorward upward current. On the other hand, an
upward ﬁeld-aligned current is observed near the magnetic
pole for By>0 and the direction of the complementary cur-
rent at lower latitudes is downward (Fig. 2d). The observa-
tions in Fig. 2c show the high-latitude current system that is
commonly observed during intervals of strongly northward
IMF (e.g. Korth et al., 2005) and which has previously been
termed NBZ currents (Iijima et al., 1984; Zanetti et al., 1984;
Iijima and Shibaji, 1987). The above observations at high lat-
itudes agree qualitatively with the predictions by Reiff and
Burch (1985). Additional ﬁeld-aligned currents are observed
at lower latitudes. However, their occurrence is not system-
atic and their distribution varies considerably in time, indi-
cating that these currents are either transient or an artifact.
For all three intervals, the simulation results in Fig. 2b–
d (right panels) reproduce the observed dependence of the
high-latitude Birkeland current distribution on the IMF ori-
entation remarkably well. The Birkeland currents in the sim-
ulation are located predominantly at latitudes poleward of
70◦ MLATanddonotshowthesmaller-scalecurrentfeatures
observed at lower latitudes. To compare the observations and
the simulation results during northward IMF quantitatively,
we calculate the average magnitude of the upward and down-
ward ﬁeld-aligned currents poleward of 70◦ MLAT. The ob-
served total currents in Fig. 2b, c, and d amount to 1.40MA,
1.33MA, and 1.55MA, respectively, while the simulation
yields 2.34MA, 1.41MA, and 2.02MA for these intervals.
Comparison of the two sets of total currents shows that the
total currents for purely northward IMF (Fig. 2c) agree to
within 10%, whereas the simulation results in Fig. 2b and d
exceed the observations on average by ∼50%.
3.2 19–21 March 2001
For the period of 19–21 March 2001 the solar wind plasma
data, which is used together with the IMF observations to
drive the MHD simulation, is not continuously available
from ACE. Therefore, we use solar wind and IMF observa-
tions by the WIND spacecraft for this event. The approxi-
mate location of WIND during the above interval in GSE co-
ordinates was X=−15RE, Y=−200RE, and Z=6RE. The
IMF and solar wind parameters observed by the Magnetic
Field Investigation (MFI) instrument (Lepping et al., 1995)
and the Solar Wind Experiment (SWE) (Ogilvie et al., 1995)
for 19–21 March 2001 are shown in Fig. 4 in the same format
used in Fig. 1. Strong magnetic ﬁeld ﬂuctuations associated
with the sheath of the CME are evident in the WIND obser-
vationsbeginning10:00UTon19March2001. On21March
2001, 22:00UT, the large variability ceases and the IMF
evolves into a period of slow rotation from the dawnward
to the duskward direction with Bz<0 at a rate of on average
7.0◦/h (median 5.4◦/h) until 21 March 2001, 22:00UT. Dur-
ing this interval, the IMF magnitude averages 14.5±2.9nT
and the mean solar wind speed is 375±45km/s. Due to the
proximity of WIND to the dayside magnetopause, the advec-
tive delay is ignored since it is only a few minutes.
Representative distributions of the observed and simulated
Birkeland currents are shown in Fig. 5. Figure 5a shows
the current distribution for 12:00–15:00UT on 20 March
2001, where the IMF is oriented southward and duskward
with a mean direction corresponding to a clock angle of
166◦. The observed Region-1/2 Birkeland current system
(left panel) shows an asymmetry with respect to the noon-
midnight meridian, typical for IMF By>0 (Erlandson et al.,
1988), which was also observed during an interval on 23
November 1999 discussed in P1. This asymmetry is not evi-
dent in the simulations results (right panel). For quantitative
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Fig. 3. Differential total ﬁeld-aligned currents from Iridium (solid line) and LFM simulation (dotted line) at dawn and dusk for 18 August
2003, 08:00–10:00UT.
comparison, we integrate the observed Birkeland currents
above 2σ. On the dawnside, the observed Region-1 current
totals 3.6MA, and its counterpart on the duskside amounts to
3.7MA. The Region-2 currents integrate to 2.2MA at both
dawn and dusk. The magnitudes of the Region-1 currents in
the simulation are 5.7MA at dawn and 5.9MA at dusk, about
50% larger than observed, while the simulated Region-2 to-
tal currents of 0.4MA at both dawn and dusk, less than 20%
of the observed values. The differential total current at dawn
and dusk for this interval is presented in Fig. 6 in the same
format used in Fig. 3. The ﬁgure illustrates a poleward dis-
placement of Region 1 in the simulation (dotted line) with
respect to the observations (solid line) of 6◦ on average.
Figure 5b shows the Birkeland currents for 12:00–
14:00UT on 21 March 2001, where the orientation of the
IMF is nearly duskward with a mean clock angle of 88◦. The
ﬁeld-aligned current distribution observed during this inter-
valexhibitsanupwardcurrentwithamagnitudeof0.8MAin
the vicinity of the magnetic pole and an equatorward down-
ward current of 1.2MA stretching from local midnight into
the afternoon sector. The observed distribution is generally
well reproduced by the simulation, although the current mag-
nitudes of 2.0MA and 3.2MA for the upward and downward
currents, respectively, exceed the observations by a factor of
∼2.5. The distributions in Fig. 5a and b are qualitatively
similar to the ones presented in Fig. 2a and d, demonstrating
both the consistency of the Iridium observations and repro-
ducibility of the observed distributions by the MHD model.
4 Discussion
4.1 Birkeland current distributions
The topology of the ﬁeld-aligned current distributions shown
in Figs. 2 and 5 is intimately tied to the large-scale plasma
circulation in the ionosphere and magnetosphere, which in
turn is governed by the orientation of the IMF (Burch et al.,
1985; Reiff and Burch, 1985). During southward IMF,
the ionospheric convection is anti-sunward across the polar
cap with a sunward return ﬂow at lower latitudes, forming
the two-cell convection pattern commonly observed under
these conditions. The plasma circulation within these cells
is clockwise (counter-clockwise) at dusk (dawn) and is in
the Northern Hemisphere associated with convergent (diver-
gent) electric ﬁelds, driving horizontal currents in the iono-
sphere. In the dusk (dawn) convection cell, upward (down-
ward) ﬁeld-aligned Region-1 Birkeland currents, are easily
identiﬁed in the observations shown in Figs. 2a and 5a and
their distributions are captured well by the simulation. On
the nightside, the Iridium observations and simulation re-
sults show larger difference caused by spurious gradients in
the Hall conductance distribution at the poleward edge of
the auroral oval, which have been discussed in detail in P1.
While the dayside Region-1 currents are generally well re-
produced by the MHD model, the equatorward expansion
of these currents during storm times is not. The proﬁles
of the differential total current for 18 August 2003, 08:00–
10:00UT (Fig. 3), and 20 March 2001, 12:00–15:00UT
(Fig. 6), showed that the Birkeland peak current densities
in the simulation are located on average ∼5◦ poleward of
their observed location. We suggest that the magnetosphere-
ionosphere system in the simulation reacts to the signiﬁcant
under-representation of the Region-2 currents by displac-
ing the Region-1 current system poleward in an attempt to
minimize the energy dissipation in the ionosphere (Barbosa,
1984).
The anti-parallel merging model (Crooker, 1979) predicts
a shift of the reconnection site for negative (positive) IMF
By to the dawnside (duskside) magnetopause in the North-
ern Hemisphere, leading to growth of the dawn (dusk) lobe
convection cell (Reiff and Burch, 1985). The divergent (con-
vergent) electric ﬁelds inside the enlarged lobe cell are asso-
ciated with a downward (upward) ﬁeld-aligned current near
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Fig. 4. Solar wind conditions for 19–21 March 2001 as observed by WIND. The interval of the study is marked by vertical dashed lines.
local noon. Equatorward of the lobe cell, the sense of con-
vection reverses leading to the formation of a complementary
ﬁeld-aligned current with opposite polarity (Ohtani et al.,
1995). Both the poleward downward and equatorward up-
ward Birkeland currents described above are evident during
the interval of negative IMF By in Fig. 2a, while the polarity
of the noon currents is reversed in Fig. 5a, where By>0. The
simulation qualitatively reproduces the asymmetry at noon
for By<0, while it is not evident in the simulation results for
By>0.
During northward IMF conditions, Crooker (1979) pre-
dicts a shift of the reconnection site at the subsolar magne-
topause to locations poleward of the cusp. The NBZ ﬁeld-
aligned currents, which are observed by Iridium and matched
well by the simulation results for strongly northward IMF
(Fig. 2c), are the consequence of the reversed-sense lobe
cell convection developing at high latitudes (Russell, 1972;
Maezawa, 1976; Reiff and Burch, 1985). These current dis-
tributions are also consistent with those obtained from an
MHD simulation of a northward-to-duskward turning of the
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Fig. 5. Comparison of Birkeland current distributions observed during the 19–21 March 2001 magnetic cloud with LFM simulations results.
Downward and upward currents are represented by the colors blue and red, respectively.
IMF by Vennerstrøm et al. (2005). The authors show that the
NBZ currents map to major portions of the magnetopause
and are created by the shear of newly reconnected ﬁeld lines
against the mantle ﬁeld as they are convected tailward by
the solar wind. As the IMF rotates away from the north-
ward direction, the relative size of the lobe cells at dawn and
dusk changes. The observed change in the distribution of the
Birkeland currents associated with the modiﬁcation the con-
vection pattern is that the upward (downward) current occu-
pies the region near the magnetic pole for By>0 (By<0) (cf.
Fig. 2b and d). Both of these features are captured by the
MHD model. Furthermore, the Birkeland currents for By>0
agree qualitatively with the distribution in Vennerstrøm et al.
(2005) for these conditions. The qualitative agreement of
the Iridium observations with the simulation results during
northward IMF indicates that for these conditions the change
in topology of the convection pattern with varying IMF ori-
entation is adequately reproduced by the LFM.
Although the change in topology of the Birkeland currents
with IMF orientation is described above by the paradigm of
anti-parallel merging, the current distributions are also con-
sistent with the component-merging theory of reconnection.
The MHD equations do not require anti-parallel ﬁeld-line ge-
ometry as a necessary condition for reconnection, and Cow-
ley (1976) suggested that reconnection more generally oc-
curs where the magnetosheath and magnetospheric magnetic
ﬁelds have oppositely-directed components of equal magni-
tudes. The component merging model implies that dayside
sub-solar reconnection occurs for all IMF orientations hav-
ing a southward component along an X line, which is rotated
with respect to the equatorial plane for By6=0. Observational
evidence for component reconnection has been published,
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among others, by Gosling et al. (1990) and Onsager and
Fuselier (1994). Preliminary studies of reconnection using
the LFM indicate that for southward IMF both anti-parallel
and component merging are evident in the simulation, with
anti-parallel reconnection being dominant. For northward
IMF, the LFM simulations appear to be more consistent with
anti-parallel reconnection. The fact that both anti-parallel
andcomponentmergingareencounteredinthesimulationin-
dicates that both types of reconnection occur simultaneously,
as suggested by recent theoretical (Moore et al., 2002; Sand-
holt et al., 2004) and observational studies (Massetti, 2006).
4.2 Birkeland total current
The magnitudes of the simulated Birkeland currents for
southward IMF conditions (Figs. 2a and 5a) are about twice
as large as observed. To compare the simulated and observed
total currents over a wider range of the IMF orientation, we
calculate the time series of the hemispheric total current in
one-hour steps for both events. The integration of the hemi-
spheric total current includes all current densities poleward
of55◦ MLAT,andtheintegrationoftheIridiumdataincludes
only current densities above the 2σ conﬁdence level. Fig-
ure 7 shows the average magnitude of the integrated upward
and downward hemispheric total current (bottom panel) from
the Iridium observations (solid line) and the LFM simulation
(dotted line) for 17–19 August 2003 together with the Dst
index (top panel). Intervals for which the Birkeland current
distributions were presented in Fig. 2 are shaded gray in the
ﬁgure.
The simulations yield signiﬁcantly more current than indi-
cated by the observations. The pre-storm magnitudes of the
total current in the simulation are in approximate agreement
with the observations. At the beginning of the storm main
phase a sudden increase in the total current is registered in
both observations and simulation results, but the magnitude
in the simulation is initially about two times larger than ob-
served. The initial difference in the total current diminishes
temporarily approximately six hours into the main phase.
Nevertheless, the LFM total current exceeds the observed
magnitude throughout the early recovery phase on average
by 75% until the pre-storm agreement of the currents is re-
stored as the IMF turns northward at 04:00UT on 19 August
2003.
For the 19–21 March 2001 event, the observed hemi-
spheric total current, shown in Fig. 8 in the same format as
used in Fig. 7, compares similarly well with the simulations
on a relative scale, but the latter exceeds the former on aver-
age by 78%. Therefore, we conclude that the overestimation
ofthetotalcurrentbythesimulationsisapersistentfeatureof
the comparison of observations and simulation results, which
is most prominent during southward IMF. While the simu-
lated currents during northward orientation of the IMF are
also larger than observed, the disparity between the observa-
tion and the simulation results is reduced under these condi-
tions. That the Birkeland currents are overestimated by the
simulation during southward IMF conditions has been pre-
viously discussed in P1, but the fact that the overestimation
is a characteristic feature of the model identiﬁed for a wide
range of solar wind and IMF conditions, is a new result of
this study.
It is important to understand that the calculation of the
hemispheric total current is not conﬁned to the regions of
the large-scale Birkeland currents and thus commonly over-
estimates these currents. Furthermore, the comparison of
the observed and simulated integrated hemispheric total cur-
rent does not necessarily reﬂect the level of agreement for
speciﬁc ﬁeld-aligned current features. In the observations,
a signiﬁcant fraction of the total current during both south-
ward and northward IMF comes from contributions at lower
latitudes, where the currents in the simulation are often un-
derestimated. Therefore, it is possible for disparities to ex-
ist at higher latitudes even though the total current in the
simulation is in good agreement with the observations. For
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example, during the interval from 12:00–15:00UT on 20
March 2001 the observed hemispheric total current agrees
with the simulation results to within about 20%, yet the mag-
nitude of the Region-1 currents in the simulation are approx-
imately 60% larger than observed (cf. Sect. 3 and Fig. 5a).
4.3 Comparison with DMSP observations
The estimates for the observed hemispheric total current
are low due to the smoothing of the magnetic perturbations
by the spherical harmonic ﬁt and this contribution to the
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Fig. 9. Comparison of the ﬁtted magnetic perturbations from Irid-
ium (dotted line) with DMSP F13 observation (solid black line) dur-
ing the interval 18 August 2003, 08:00–10:00UT. The red solid line
shows the 50s boxcar average of the DMSP F13 data.
difference vis-` a-vis the simulations results needs to be quan-
tiﬁed for these cases. While the Iridium inversion technique
reliably locates the large-scale Birkeland currents, previous
comparisons with data from Ørsted and DMSP have con-
ﬁrmed that the peak magnetic perturbations are often low.
Figures 9 and 10 compare the eastward magnetic perturba-
tions observed by DMSP F13 (solid black line) with the ﬁt-
ted eastward magnetic perturbations from Iridium, evaluated
along the F13 orbit (dotted lines) for 18 August 2003, 08:00–
10:00UT, and 20 March 2001, 12:00–15:00UT, respectively.
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Fig. 10. Comparison of the ﬁtted magnetic perturbations from Irid-
ium (dotted line) with DMSP F13 observation (solid black line) dur-
ing the interval 20 March 2001, 12:00–15:00UT. The red solid line
shows the 50s boxcar average of the DMSP F13 data.
Two F13 passes were available for comparison during each
of the two southward IMF intervals. Note that for 20 March
2001, 12:00–15:00UT, the Iridium and DMSP observations
deviate in the polar cap. During southward IMF the magnetic
perturbations in the polar cap are directed primarily sunward.
For three of the six Iridium orbit planes the sunward direc-
tion has a signiﬁcant along-track component. The along-
track component of the magnetic perturbations is presently
not used in the spherical harmonic ﬁt. Thus the ﬁt may not
be well-constrained in the polar cap, which is the likely cause
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for the differences in the observations in this region. We fo-
cus in our comparison on the peak magnetic perturbations
observed at lower latitudes, where they are oriented predom-
inantlyinthecross-trackdirectionoftheIridiumorbitplanes.
Here, the peak magnetic perturbations observed by F13 are
in both cases on average 1.7 times larger than those obtained
from the Iridium ﬁt. This result is consistent with previous
assessments, where the Iridium peak magnetic perturbations
were found to be up to 50% too low (P1, and Korth et al.,
2005).
The main factor contributing to this underestimate is that
thesphericalharmonicﬁtcannotresolvefeaturesshorterthan
the shortest wavelength basis function. With respect to the
latitude, the shortest wavelength representable by the Irid-
ium ﬁt corresponds to a constant angular resolution of 3.6◦.
The ionospheric grid in the simulation is irregular, leading to
a dependence of the latitude resolution on both latitude and
longitude. Thespacingofthegridpointsissmallestalongthe
noon–midnight meridian and maximizes in the dawn–dusk
direction. Figure 11 shows the grid latitude separation for
the noon–midnight (dotted line) and the dawn–dusk (solid
line) meridian as a function of geomagnetic latitude. The
ﬁgure shows that the spacing of the grid points in latitude
decreases asymptotically toward the simulation inner bound-
ary. However, poleward of 60◦, where most of the currents
discussed here are located, the change in resolution is lim-
ited to ∼10%. The ﬁgure also shows that the latitude reso-
lution of the simulation is higher than the one of the obser-
vations throughout this region, where the average resolution
along the noon–midnight and dawn–dusk meridians is 2.1◦
and 3.4◦, respectively. Previous comparisons of the total cur-
rent have shown that the an increase in the resolution of the
simulation by a factor of 2 also increases the total current by
∼50%. Therefore, the larger currents in the simulation may
be caused in part by the higher resolution in the simulation.
The extent to which the smaller magnetic perturbations
from Iridium underestimate of the Birkeland currents of the
simulation can be inferred from comparison with smoothed
DMSP data, where features with spatial scales smaller than
simulation grid resolution are removed. The red solid lines
in Figs. 9 and 10 represent 50s boxcar averages of the F13
data, which are commensurate with the 3◦ latitude resolution
of the simulation grid. For both intervals presented in these
ﬁgures the ﬁtted peak magnetic perturbations are on average
0.8 times the peak magnitudes obtained from the smoothed
F13 data. Therefore, the difference in resolution can account
for a modest underestimate of the Birkeland currents with re-
specttothesimulationresults. However, itcannotexplainthe
more signiﬁcant differences in the magnitudes of the Birke-
land currents obtained for southward IMF, suggesting that
factors other than the grid resolution contribute to the dis-
crepancy. This conclusion is supported by comparison of the
Iridium magnetic perturbations for the duskward IMF inter-
val 19 August 2003, 14:00–15:00UT, shown in Fig. 12. In
the region near the magnetic pole, the peak magnitudes of
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Fig. 11. Latitude separation of the grid points along the dawn–dusk
(solid line) and noon–midnight (dotted line) meridian as a function
of geomagnetic latitude.
the eastward magnetic perturbations from DMSP F13 and
Iridium are in good agreement, and thus do not provide an
explanation for why the Birkeland total currents in the simu-
lation are 1.5 times larger for this interval than observed by
Iridium.
An overestimate of the ﬁeld-aligned currents in the sim-
ulation can further result from a larger than observed iono-
spheric conductance, or electric ﬁeld, or both. To differenti-
ate between these possibilities, we compare the LFM electric
potential with in-situ observations by DMSP. Figure 13 com-
pares a three-hour average of the LFM electric potential near
Dst minimum from 11:30–14:30UT on 18 August 2003 with
measurements by the DMSP F13 and F15 satellites travers-
ing the potential distribution within this period. The LFM
potential distribution (Fig. 13a) exhibits a cross polar cap po-
tential drop of ∼330kV, and the axis of symmetry of the dis-
tribution is tilted toward pre-noon. Overlayed on Fig. 13a
are the DMSP F13 and F15 passes, which are approximately
18:00MLT to 06:00MLT and 21:00MLT to 09:00MLT, re-
spectively. The electric ﬁelds inferred from the driftmeter
instruments are shown as dotted lines in Fig. 13b and c along
with the integrated electric potential represented by the solid
line. For comparison, the dashed lines show electric poten-
tials of the simulation along the DMSP trajectories. The
F13 satellite traverses close to the regions where the electric
potential peaks in the simulation, observing a peak-to-peak
potential drop of 170kV. Compared to the observations, the
LFM potential drop along the F13 orbit of 270kV is signiﬁ-
cantly larger. Assuming that the conductance estimates in the
sunlit ionosphere along the F13 orbit are essentially correct
in the simulation, the higher than observed electric potential
implies an increased ﬂow of electric current across the po-
lar cap in the simulation. While F13 samples the bulk of the
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LFM polar cap potential drop, the F15 trajectory is oriented
nearly anti-parallel to the tailward ﬂow of plasma in the iono-
sphere. F15 measures a much smaller electric potential dif-
ference, indicating that the rotation of the ionospheric con-
vection pattern with respect to the noon-midnight meridian
is well captured by the model. The F15 observations further
show that the electric potential develops on the nightside at
latitudes lower than those obtained from the simulation, pro-
viding additional evidence that the electric ﬁeld on the night-
side is shorted out by the high conductivities in the MHD
model.
Indications for an overestimate of the electric potential
in the simulation are also found for the 20 March 2003,
12:00–15:00UT, period. In Fig. 14, the electric potential ob-
tained from DMSP F13 and F15 observations is compared
with the simulation results along the respective satellite orbit
in the same format used is Fig. 13. The F13 satellite tra-
verses near the peaks of the LFM electric potential distribu-
tion (Fig. 14b), while the F15 trajectory (Fig. 14c) is more
closely aligned with the convection “throat,” where the elec-
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Fig. 13. Comparison of (a) the LFM electric potential distribution
with observations by (b) DMSP F13 and (c) DMSP F15 on 18 Au-
gust 2003, 11:30–14:30UT. The line plots show the DMSP electric
ﬁeld (dotted line) and electric potential (solid line) and the LFM
electric potential interpolated along the satellite orbit.
tric potential minimizes. The electric potential drop along
the F13 orbit obtained from the simulation results is 298kV,
about a factor of two larger than the 143kV observed by F13.
The peak-to-peak difference of the electric potential along
the F15 pass is smaller in both observations and simulation
results, consistent with the rotation of the convection pattern
toward pre-noon.
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4.4 Simulation current closure
The deﬁcit of Region-2 current in the simulation suggests
that the closure of current, and hence the electric ﬁeld distri-
bution in the simulation is different from the natural system.
To examine the ionospheric current closure in the simulation
we consider the ionospheric horizontal current. The conti-
nuity of the Birkeland currents has to be maintained in the
ionosphere, so that the height-integrated current density, J⊥,
can be calculated from the ionospheric electric ﬁeld, E, as
well as the Pedersen and Hall conductances, 6P and 6H, in
the simulation:
J⊥ = 6PE⊥ − 6H(E⊥ × B)/B, (5)
where B is the magnetic ﬁeld vector (Baumjohann and
Treumann, 1997). By examining the current ﬂowing through
circles of constant latitude one can determine the partition-
ing of the Region-1 current closure in the simulation domain.
The amount of current closing in the polar cap is estimated
by subtracting the average inward and outward current ﬂow
across the 60◦ MLAT latitude circle, located just equator-
ward of the simulated Region-1 Birkeland currents, from the
average upward and downward ﬁeld-aligned current found
in the simulation poleward of this boundary. Calculating the
current ﬂow across the 54◦ MLAT latitude circle, located just
poleward of the zero potential boundary, shows how much
of the equatorward current closure occurs via the simula-
tion inner boundary. The closure of electric current on the
simulation inner boundary is a consequence of the imposed
condition that the electric ﬁeld is zero equatorward of the
ionospheric mapping of the inner boundary. The boundary
currents therefore present a path for closure of Region-1 cur-
rent that is an artefact in the sense that the closure path is
prescribed as a boundary condition and effectively plays the
role of a Region-2 system.
The results of this analysis show that although a signif-
icant current closes through the simulation inner boundary,
the polar cap currents are dramatically over estimated in the
simulation. For the 18 August 2003, 08:00–10:00UT inter-
val, 3.8MA ﬂow out and return through the 60◦ MLAT lat-
itude circle, accounting for about half the Region-1 currents
in the simulation. Approximately 2.9MA (or 75%) of this
current also ﬂows across the 54◦ MLAT latitude circle and
closes on the simulation inner boundary. The current ﬂowing
across the noon-midnight meridian poleward of 60◦ MLAT
is 3.0MA. The polar cap current in the simulation therefore
exhibits nearly the same magnitude as the average Region-1
current observed by Iridium. However, the majority of the
observed Region-1 currents closes at lower latitudes via Re-
gion 2 so the comparison implies an excess ﬂow of electric
current across the polar cap in the simulation. This is consis-
tent with the comparison of DMSP potentials with the simu-
lations presented above and therefore indicates that the dis-
crepancyisduetoatruedifferenceinthesimulationpotential
rather than to the conductance in the simulation.
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Fig. 14. Comparison of (a) the LFM electric potential distribu-
tion with observations by (b) DMSP F13 and (c) DMSP F15 on
20 March 2001, 12:00–15:00UT. The line plots show the DMSP
electric ﬁeld (dotted line) and electric potential (solid line) and the
LFM electric potential interpolated along the satellite orbit.
The ionospheric electric ﬁeld is governed by the strength
of the convection at the ionosphere, which in turn is con-
trolled by the reconnection rate. Our results therefore sug-
gest that the reconnection rate in the MHD model is higher
than in the natural system. Similar ﬁndings have been re-
ported for other MHD models. Raeder et al. (1998, 2001)
compared ionospheric parameters obtained from a different
MHD simulation code with inversion results from the As-
similative Mapping of Ionospheric Electrodynamics (AMIE)
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technique(RichmondandKamide,1988), whichusesground
magnetometer, radar, and satellite observation to infer the
conditions at the ionosphere. Consistent with our results,
these authors found that while the convection pattern of their
MHD model agrees with the AMIE result, the strength of
the convection can be signiﬁcantly different. For example,
the magnitudes of the cross polar cap potential in the Raeder
et al. (1998) simulation were about twice that obtained from
the AMIE technique. Raeder et al. (2001) also report polar
cap potentials in the simulation that are consistently higher
than those of the AMIE inversions and ﬁeld-aligned current
densities that are up to four times larger. They concluded
that the origin of the increased ﬁeld-aligned currents is the
large electric potential which in turn is caused by reconnec-
tion rates that are too high.
5 Summary
We have compared observations of the large-scale Birkeland
currents by the constellation of Iridium satellites with MHD
simulation results for two magnetic cloud intervals on 17–
19 August 2003 and 19–21 March 2001. These intervals
were speciﬁcally chosen because of the slow rotation of the
IMF orientation, which allows one to capture the distribu-
tion of Birkeland currents using data accumulation periods
from the Iridium magnetometers. The observed Birkeland
current distributions yield patterns predicted by the Reiff and
Burch (1985) model, showing the classic Region-1/2 current
systems for southward IMF and high-latitude NBZ currents
for strongly northward IMF. Furthermore, the distributions
are consistent with transformations of the ionospheric con-
vection pattern in response to the IMF By, which determines
the local time at which solar wind and terrestrial magnetic
ﬁeld lines reconnect at the dayside magnetopause. The most
signiﬁcant ﬁndings with respect to the comparison with the
MHD simulation results are as follows:
1. The ﬁeld-aligned current distributions in the MHD sim-
ulation compare qualitatively well with the observations
for northward IMF, when the currents occur at high lat-
itudes. This indicates that the MHD model adequately
reproduces the convection pattern of the natural system.
2. For southward IMF, the simulation reproduced the day-
side Region-1 currents generally well, although they
were found to be located ∼5◦ poleward of their ob-
served latitude. Disparities in the distributions of the
currents were most prominent in regions of darkness,
where the conductance is dominated by particle precip-
itation represented by a statistical model in the simu-
lation, and at latitudes where the Region-2 Birkeland
currents of the ring current map to the ionosphere. Ad-
equate representation of Region 2 in the MHD model
requires consideration of the drift physics, which is cur-
rently work in progress (Toffoletto et al., 2004).
3. The peak ﬁeld-aligned current densities and the total
currents in the simulation are commonly found to ex-
ceed the observations, which is a combined effect of the
simulation overestimating the ionospheric electric ﬁeld
and the Iridium ﬁts underestimating the magnetic per-
turbations. The contribution of the marginal difference
in latitude resolution to the disparities in the magnitudes
of the observed Birkeland currents and the simulation
results was estimated to be small. The comparison of
theelectricpotentialinthesimulationwiththatobtained
from in-situ observations of ionospheric plasma drifts
by DMSP shows that the maximum potential difference
in the simulation is about twice that inferred from the
DMSP observations during southward IMF, implying
that the reconnections rates in the simulation are too
large.
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